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ABSTRACT 

The present study focused on the effects of 1-amino-3,5-dim- 
ethyladamantane (memantine), a clinically used, low-affinity N- 
methyl-D-aspartate channel blocker, on the motivational impact 
of morphine and morphine withdrawal syndrome. Memantine 
(7.5 mg/kg) inhibited the acquisition as well as the expression of 
morphine-induced conditioned place preference. However, 
memantine did not affect significantly the acquisition or expres¬ 
sion of conditioned place preference induced by food presen¬ 
tation. In addition, at the dose that blocked morphine-induced 
conditioned place preference, memantine by itself produced 
neither conditioned place preference nor conditioned place 
aversion. Memantine attenuated the negative motivational as¬ 
pects of morphine withdrawal as assessed by conditioned 
place aversion produced by a low dose (0.1 mg/kg) of naloxone 


in morphine-dependent rats. Drug discrimination studies re¬ 
vealed that the inhibitory effects of memantine on morphine- 
induced conditioned place preference could not be attributed 
to the attenuation by memantine of the interoceptive cue pro¬ 
duced by morphine. In addition, the inhibitory effects of me¬ 
mantine on the expression of morphine-induced conditioned 
place preference seemed not to be related to effects on mem¬ 
ory retrieval, as revealed in the Morris water maze spatial task. 
These data suggest that memantine at a low, pharmacologi¬ 
cally relevant dose of 7.5 mg/kg blocks the reinforcing effects 
of morphine and aversive effects of morphine withdrawal in 
rats, which suggests a new potential clinical indication for this 
agent in the treatment of opioid abuse. 


The treatment of drug abuse focuses on prevention of the the motivational (reinforcing) aspects of drug abuse. How- 
development of addiction, elimination of existing addiction ever, to date, antiaddictive therapies targeting dopaminergic 
and suppression of symptoms associated with drug with- neurotransmission have failed to produce a therapeutic 
drawal (Jaffe, 1987). Current pharmacotherapies usually breakthrough (Pulvirenti and Koob, 1994). 
target specific neurotransmitter systems, which are pre- The pharmacological terms tolerance, sensitization, depen- 
sumed to mediate the effects of a given class of abused sub- dence and withdrawal characterize the clinical term “drug 
stances. These “targeted,” specific pharmacotherapies are addiction.” Drug tolerance refers to the state in which re¬ 
used in spite of striking similarities concerning the long-term peated administration of the same dose of a given drug elicits 
consequences produced by all of known drugs of abuse such a diminishing effect or the need for an increasing drug dose 
as drug addiction. Moreover, opioid antagonists and agonists to produce the sam e effect. Sensitization (reversed tolerance) 
are used in the treatment of opioid abuse despite the fact that refers to the opposite situ ation in which repeated adminis- 
some therapies (e.g., naltrexone) are not only ineffective, but, tration of the same dmg dose elicits an escalating effect, 
in addition, are consistently refused by addicted individuals. chronic treatment with many drugS) inc i uding opioid ago- 
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. . . . , , . , , drawal syndrome. The withdrawal syndrome is characterize 
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by physical and motivational disturbances that are tne ex 
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the administration of opioid agonist has been discontinued. 
Contemporary theories of drug addiction consider addictive 

substances as potent reinforcers. In turn, chronic exposure to 
these reinforcing drugs can lead to drug addiction, which is 
best defined as compulsive drug seeking and taking behavior 

despite adverse consequences. Because such effects are com¬ 
mon for all of drugs of abuse (despite the diversity of their 
chemical structures and plethora of acute pharmacological 
actions), it is believed that the common neurobiological sub¬ 
strates mediate the motivational impact of drugs producing 
drug addiction (Eddyef al., 1965; Goudie, 1991; Robinson and 
Berridge, 1993). 

The NMDA receptor complex is a ligand-gated cationic 
channel, which consists of a pentameric assembly of subunits 
that contains several regulatory sites. Thus, apart from a 
recognition site for a primary transmitter (glutamate) it in¬ 
cludes sites sensitive to glycine (which is obligatory for re¬ 
ceptor activation), polyamines, zinc, redox state and protons 
(Danysz et al., 1995a; Kutsuwada et al., 1992). It should be 
noted that agents acting at these sites have not yet been 
deeply investigated in clinical settings. NMDA receptor func¬ 
tion can also be inhibited by blockade of the open ion channel 
(Danysz et al., 1995a; Kutsuwada et al., 1992). In contrast to 
the other NMDA antagonists, several open channel (uncom¬ 
petitive) blockers have been tested in clinical settings, and 
some of them are being used for medical purposes. Unfortu¬ 
nately, the majority of the high-affinity open channel NMDA 
receptor antagonists, e.g., phencyclidine or MK-801 (dizo- 
cilpine), produce side effects, including confusion, psychoto¬ 
mimetic activity and memory disturbances (Luby et al., 1959; 
Troupin et al., 1986), that render them unacceptable for a 
clinical use. In contrast, low-affinity, strongly voltage-depen¬ 
dent uncompetitive NMDA receptor antagonists have been 
suggested to produce less side effects, perhaps because of 
weaker effects when the level of NMDA receptor activation is 
in the physiological range (Chen et al., 1992; Parsons et al., 
1993; Rogawski, 1993). One such low-affinity NMDA channel 
blocker, memantine, has been used clinically for many years 
in Europe, and is apparently devoid of these side effects if 
dosed properly, i.e., in gradually increasing doses until ther¬ 
apeutic concentrations are achieved (Ditzler, 1991; Gortel- 
meyer and Erbler, 1992). A similar favorable therapeutic 

profile holds true for other agents of this kind, such as aman¬ 
tadine and dextromethorphan (Danysz et al., 1995a; Rogaw¬ 
ski, 1993). It seems that the use of NMDA antagonists pos¬ 
sessing a relatively credible clinical profile (memantine, 
dextromethorphan) in novel applications (in this case, the 
treatment of drug abuse) should be preferred over the use of 
novel agents that have no such long clinical history. 

Converging lines of evidence indicate the essential involve¬ 
ment of NMDA receptors in phenomena related to drug ad¬ 
diction. In preclinical studies, NMDA receptor antagonists 
decrease tolerance to the locomotor effects of alcohol (Khanna 
et al., 1993) and sedatives (File and Fernandes, 1994), atten¬ 
uate sensitization (reverse tolerance) to stimulants (Pudiak 
and Bozarth, 1993; Wolf and Khansa, 1991) and modify adap¬ 
tive changes caused by nicotine treatment (Shoaib and Stol- 
erman, 1992). Moreover, NMDA receptor antagonists affect 
opioid tolerance and dependence processes. Several studies 
indicated that NMDA receptor antagonists decrease toler¬ 
ance to the analgesic effects of opiates (Ben-Eliyahu et al., 
1992; Bhargava and Matwyshyn, 1993; Elliott et al., 1994; 


Kolesnikov et al., 1993,1994; Tiseo and Inturrisi, 1993; Tiseo 
et al., 1994; Trujillo and Akil, 1991). Similarly, reduction of 
the physical as well as motivational aspects of the expression 
of morphine dependence (measured by naloxone-precipitated 
morphine withdrawal syndrome) has been shown by many 

investigators (Cappendijk et al., 1993; Higgins et al., 1992; 
Popik et al., 1995; Rasmussen et al, 1991; Tanganelli et al., 

1991; Trujillo and Akil, 1991). In addition, NMDA receptor 
antagonists inhibit the development of morphine dependence 
(Elliott et al., 1994; Tiseo and Inturrisi, 1993; Tiseo et al., 
1994; Trujillo and Akil, 1991) as well as its maintenance 
(Popik and Skolnick, 1996). “Antiaddictive” effects of NMDA 
receptor antagonists (dextromethorphan, ibogaine) have 
been reported also in initial clinical trials (Koyuncuoglu and 

Saydam, 1990; Lotsof, 1995). 

In spite of intensive efforts, the mechanism of the inhibi¬ 
tory effects of NMDA receptor antagonists in various mea¬ 
sures modeling drug addiction remains highly speculative. 
This is in part caused by the fact that the molecular and 
physiological mechanism(s) underlying drug dependence and 
addiction are per se not well understood. Although drug de¬ 
pendence (defined by withdrawal syndrome) is traditionally 
considered to be a major factor in the maintenance of com¬ 
pulsive drug use (Eddy et al., 1965), contemporary theories 
stress the importance of the reinforcing (incentive) properties 
of abused substances (Robinson and Berridge, 1993) in the 
development and maintenance of drug addiction. Thus, it 
might be hypothesized that antiaddictive treatments should 
inhibit ongoing drug-seeking through a decrease of the rein¬ 
forcing impact of drugs of abuse, rather than by attenuating 
solely the severity of the withdrawal syndrome. 

Recently, Bespalov et al. (1994) demonstrated that the 
nonselective glutamate receptor antagonist, kynurenic acid, 
attenuates the acquisition and expression of CPP induced by 
morphine. The same treatment inhibits morphine-induced 
facilitation of responding in the electrical intracranial self¬ 
stimulation paradigm (Bespalov et al., 1994). Similar atten¬ 
uation of the development of morphine-induced CPP has 
been recently shown for MK-801 (dizocilpine) and 
CGP-37849, which are uncompetitive and competitive 
NMDA receptor antagonists, respectively (Tzschentke and 
Schmidt, 1995). The ability to induce CPP and to facilitate 

intracranial self-stimulation, as well as to induce and main¬ 
tain self-administration, defines in animal models reinforc¬ 
ing properties of drugs and, according to several theories of 
drug addiction, potential abuse in humans (for review, see 
Goudie, 1991). Thus, it seems likely that treatments decreas¬ 
ing these reinforcing actions of drugs in animal models would 

be effective in diminishing intake of drugs of abuse in hu¬ 
mans. 

CPP offers a reliable measure for assessing the reinforcing 
value of pharmacological treatments and other reinforcers, 
including food. In the case of pharmacological manipulations, 
during training a drug supposed to have reinforcing proper¬ 
ties is paired with a distinctive compartment, whereas its 
vehicle is paired with the other compartment of the same 
training apparatus. After completing the association phase, 
drug-free animals explore both compartments. It is assumed 
that an increase of the time spent in a compartment associ¬ 
ated with a given treatment reflects the incentive (positively 
reinforcing) value of that treatment (Bindra, 1978), whereas 
a decrease suggests aversive properties (Carr et al., 1989; 
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Mucha et al., 1982). Numerous studies indicate that in addi¬ 
tion to the reinforcement, associative learning must occur for 
the development of CPP ( e.g., White and Carr, 1985). CPP 
induced by opiates is stereospecific, can be blocked by opioid 
antagonists and is probably mediated by action at mu rather 
than kappa opioid receptors (Mucha and Herz, 1985). In 
addition, dopaminergic mesolimbic pathways have been re¬ 
ported to participate in opioid-induced CPP (Spyraki et al., 
1983). 

The objective of the present experiments was to determine 
whether the NMDA receptor antagonist memantine could 
affect the reinforcing impact of morphine as well as the 
motivational aspects of morphine withdrawal in a CPP par¬ 
adigm. Memantine was selected for the present studies, be¬ 
cause it is a use-dependent NMDA receptor antagonist 
(IC 50 = 0.5-3.0 pM [Bormann, 1989; Chen et al., 1992; Korn- 
huber et al., 1989; Parsons et al., 1993] that currently is 
clinically used in Germany in the treatment of senile demen¬ 
tia and spasticity (Ditzler, 1991; Gortelmeyer and Erbler, 
1992). More specifically, memantine’s effects on both acqui¬ 
sition and expression of CPP induced by morphine were 
assessed in the first experiment. The specificity of meman¬ 
tine’s effect was tested subsequently in the CPP paradigm in 
which rats were reinforced by food, rather than morphine 
injection. The next experiment was carried out to find if 
memantine may influence the motivational aspect of nalox¬ 
one-precipitated morphine withdrawal, as measured in the 
CPA paradigm. Because the impact of memantine on acqui¬ 
sition/expression of CPP could also be explained by its effects 
on learning and memory, experiments were performed in 
which memantine was given to rats acquiring and retrieving 
spatial information in the water maze. In addition, because 
the effects of memantine on morphine-induced CPP could be 
interpreted as a diminution of the subjective (interoceptive) 
effect of morphine, in the last experiment we investigated the 

influence of memantine on the interoceptive cue produced by 
morphine in a drug-discrimination paradigm. 

Materials and Methods 

Subjects. Male Wistar rats (approximately 300 g of weight at the 

beginning of the experiment) were housed under standard laboratory 
conditions for at least 2 weeks before experiments started. Animals 
were kept in plastic cages, four rats per cage (58 x 37 X 19 cm) in the 
animal room with a controlled light-dark cycle (lights on, 7:00 A.M.; 
off, 7:00 P.M.). Water and commercial food were available ad libitum, 
unless otherwise stated. 

Drugs. Morphine HC1 (Polfa), naloxone HC1 (Endo), memantine 
HC1 (Merz and Co.), (+)-morphine and etonitazene (both gifts of Dr. 
K. Rice, National Institute of Diabetes and Digestive and Kidney 
Diseases, National Institutes of Health, Bethesda, MD) were dis¬ 
solved in physiological saline. Saline was used as placebo. The doses 
of morphine, naloxone and etonitazene correspond to the doses cal¬ 
culated as base for all other agents as respective salts. All injections 
were given in a volume of 1 ml/kg i.p., except in the drug discrimi¬ 
nation experiment in which all agents except memantine were in¬ 
jected subcutaneously. 

Induction of CPP. The CPP procedure was similar to that de¬ 
scribed previously by Papp and Moryl (1994). Pour identical wooden 
boxes with white and black chambers (30 x 20 X 25 cm each) were 
used. The chambers had distinct floor textures (plain wood in the 
white chamber and wire mesh in the black chamber, respectively). 
The gray central area (12 X 20 X 25 cm) constituted a “neutral” 
chamber. The CPP procedure consisted of adaptation, pretest, acqui¬ 


sition of a conditioned response and the posttest. During the first 3 
days of training (adaptation phase), the rats were placed individually 
in the apparatus to freely explore it for 10 min daily. These trials as 
well as preliminary studies indicated that almost all subjects pre¬ 
ferred the black chamber over the white one. On day 4 (pretest), the 
time spent in the white chamber during a 10-min free exploration 
session was measured and recorded. This measure was used as an 
initial preference score for each subject. 

To measure the effects of memantine on the acquisition of mor¬ 
phine-induced CPP, on days 5, 7 and 9, rats were injected with 
placebo and then with vehicle, 3.75 or 7.5 mg/kg of memantine, 15 
and 30 min, respectively, before being placed in the black chamber of 
the apparatus for a trial lasting 30 min. On days 6, 8, and 10, rats 
were injected with corresponding doses of memantine followed 15 
min later by morphine administration (1 mg/kg); 15 min later, rats 
were placed in the white chamber for a trial lasting 30 min. These 6 
consecutive days served as conditioning trials. Changes in the CPP 
scores were measured on day 11 (posttest) when rats were injected 
with placebo 20 min before being placed in the apparatus. Again, the 
time spent in the white chamber was recorded during the session 
lasting 10 min. 

A similar procedure was used to measure the effects of memantine 
on the expression of morphine-induced CPP, with the exception that 
rats were injected with morphine during acquisition trials and by 
vehicle, 3.75 or 7.5 mg/kg of memantine, 20 min before the posttest. 

In a variation of this procedure, another group of rats was rein¬ 
forced with food pellets instead of morphine injections. Three weeks 
before the experiment began, these subjects were maintained with 
restricted food access and were fasted for 12 to 16 hr before the test. 
As described above, the experiment began with a adaptation phase 
and pretest. On days 5, 7 and 9, rats were injected with vehicle, 3.75 
or 7.5 mg/kg of memantine, 30 min before being placed in the black 
chamber of the apparatus for a trial lasting 30 min. On days 6, 8 and 
10, rats were injected with corresponding doses of memantine 30 min 
before being placed in the white chamber. In the white chamber, 
each rat was offered five standard laboratory food pellets ( — 11 g). 
The amount eaten by each subject during each of the food-white 

chamber pairings was measured. Starting 30 min after the condi¬ 
tioning sessions, rats were returned to their home cages, and they 
were allowed to eat standard laboratory food until 12 to 16 hr before 
the next trial began. In the same experiment an additional group 
was used to evaluate the effects of memantine in the expression of 
food-induced CPP. The procedure was the same as described above 
with the exception that memantine was not given before every con¬ 
ditioning trial but 20 min before the posttest (at the dose of 3.75 or 

7.5 mg/kg). There were 10 to 15 rats in each group undergoing the 
CPP procedure. 

Induction of CPA. The CPA procedure was conceptually based 
on the work of Higgins and colleagues (1991, 1992). Rats were 
injected with morphine (10 mg/kg, twice daily, at 9:00 A.M. and 5:00 
p.m.) for 8 days. On days 3, 4 and 5 of morphine treatment, adapta¬ 
tion sessions (10 min of unobserved, free exploration) were carried 
out at least 2 hr after the morning dose of morphine. On day 6 of 
morphine treatment, the pretest session was performed, as described 
for the CPP procedure, with the exception that the time in the black 
chamber was measured. On day 7, at least 90 min after the morning 
injection of morphine, rats were injected with placebo and 30 min 
later again injected with placebo. Immediately after the second in¬ 
jection, subjects were placed in the white chamber of the apparatus 
for 30 min. On day 8, at least 90 min after the morning injection of 
morphine, rats were injected with vehicle, 3.75 or 7.5 mg/kg of 
memantine, and 30 min later they received a 0.1 mg/kg naloxone 
injection. Immediately after the naloxone injection, rats were placed 
in the black chamber of the apparatus for 30 min. No more morphine 
injections were given to the animals. On day 9, the posttest wa9 
performed, during which the time spent in the black chamber was 
recorded during a session lasting for 10 min. The number of rats in 
each group was 10 to 15. 
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Effects of memantine on the acquisition and retention of 
spatial learning and memory. Rats were trained to find a metal 
platform that was submerged 1 cm below the water surface in the 
swimming pool (50 cm high, 180 cm in diameter) (Popik et al., 
1994a,b). The platform was positioned half-way between the wall 
and the center of the circular pool and remained in this position 
throughout the 4 training days. There were six trials on each train¬ 
ing day. Each trial started from one of the four compass points 
around the pool perimeter, with the sequence, e.g., N, E, S, W, N, E. 
Rats were gently placed into the water, facing the wall; the latency 
to find the platform was measured for each rat. Subjects were kept 
on the platform for 30 sec, after which the next trial started. After 
completion of the six swimming trials, rats were transferred to the 
“drying” cage and later to their home cages. The experimental room 
contained numerous visual cues and had dispersed illumination that 
allowed videotaping. 

Rats were treated with either placebo (physiological saline, n ~ 
16) or memantine (7.5 mg/kg, n = 8), each administered daily, 30 min 
before the first trial. After 4 training days, placebo-treated rats were 
divided in two groups that matched the total number of seconds 
across the whole 24 trials (a raw measure of performance); and, 
therefore, the statistics and presentation of data include one learn¬ 
ing curve of memantine-treated and two curves of placebo-treated 
subjects. On the fifth day of training, a probe trial was carried out. 
The probe trial consisted of 1 min of videotaped observation of 
swimming behavior in the tank with the platform removed. The 
analysis of swimming paths was carried out off-line with use of EYE 
(J. Dlugopolski, Krakow, Poland) and TRACK-ANALYZER (Wolfer 
and Lipp, 1992) software. Half of placebo-treated rats (n = 8) were 
treated 20 min before being placed into the pool with placebo, and the 
remaining rats (n = 8) received memantine (7.5 mg/kg) injection. 
Rats that were administered memantine during learning trials re¬ 
ceived placebo injection before the probe trial. 

Effects of memantine on morphine-produced interoceptive 
cue as measured in a drug-discrimination paradigm. The Mor¬ 
ris water maze as described above was used to train rats (n = 8) to 
discriminate between placebo (physiological saline) and (-j-mor¬ 
phine HC1 interoceptive cue (3.5 mg/kg). Rats were injected with 
placebo or morphine 20 to 30 min before being gently placed in the 
tank at either NE or SW compass starting point. Subjects were given 
four trials per day, usually 6 to 7 days a week. The sequence of 
starting points was random throughout the experiment and indepen¬ 
dent from treatment conditions; however, in a given day a sequence 
of either the NE, SW, NE, SW or SW, NE, SW, NE of starting points 
was used. During the training, only one submerged platform was 
present inside the tank and only one treatment was given. Half of the 
subjects were required to associate placebo injection with the plat¬ 
form positioned in the NW quadrant and morphine injection with the 
platform positioned in the SE quadrant. For the remaining half of 

the subjects, the assignment of platforms was reversed. Typically, a 
double alternation scheme of training was used, with rats receiving 

placebo-placebo-morphine-morphine injections on subsequent days. 
Subjects were kept on the platform for 30 sec, after which the next 
trial started. After completion of the four swimming trials, rats were 
transferred to the “drying” cage and later to their home cages. It took 
approximately 40 training days for a rat to achieve the criterion of 
“good” performance, defined as eight out of nine consecutive first 
correct swimming trials. A trial was considered “correct” if the rat 
swum from the starting point to the respective platform without 
swimming in the vicinity (an area about two times bigger than the 
size of platform) of the platform associated with the alternative 
treatment (see fig. 1 for details). 

The accuracy to find the platform (i.e., the presence or absence of 
an error defined by swimming to the incorrect platform position) and 
latency to find the platform was measured for each rat during every 
trial. 

In contrast to the “training” days, during the “testing” days, two 
identical submerged platforms were placed in the pool in the posi- 



Fig. 1 . Images of the typical swimming paths of rats trained to dis¬ 
criminate morphine from placebo in the Morris water maze. Presented 
are layouts of the experimental setup. Smaller rectangles represent 
actual platform positions, with shaded smaller rectangles representing 
“correct” and open smaller rectangles representing “incorrect” platform 
positions, respectively. The bigger dashed rectangles around “incor¬ 
rect” platform represent area that, if encountered by a subject, indi¬ 
cated erroneous trial. A and B images represent error-free trials, and C 
and D images represent erroneous trials. 

tions that had been previously associated with placebo and morphine 
training dose (3.5 mg/kg) injections. Only one swimming trial was 
given on the “testing” day. Rats were kept on the platform for 30 sec, 

after which they were transferred to the “drying” cage. 

After a rat was considered well trained, first, a dose-response 
curve with morphine (3.5, 2.625, 1.75 and 0.875 mg/kg) was con¬ 
structed both the day after placebo and the day after the training 
dose (3.5 mg/kg) of morphine. Higher than 3.5 mg/kg doses of mor¬ 
phine produced impairment of swimming behavior and therefore 

were not used. After construction of the dose-response curves: 1) the 
generalization to an etonitazene cue, 2) the stereospecificity of the 
morphine cue and 31 the blockade of the morphine (1.75 mg/kg) cue 
by naloxone (0.05 mg/kg) were assessed to check out the specificity of 
the method. Finally, the generalization by memantine (3.75 and 7.5 

mg/kg) to the morphine-produced interoceptive cue as well as the 
effects of memantine (3.75 and 7.5 mg/kg) pretreatment on the 
morphine (1.75 mg/kg) interoceptive cue were measured. 

Data analysis and statistics. In the CPP and CPA studies, the 
preference scores were expressed as a percent increase or decrease of 

time spent by a rat in a given chamber of the apparatus on pretest 
and posttest. Data were analyzed by ANOVA, followed by Duncan or 
Student-Newmann-Keuls tests. 

The changes in the latencies to find the platform during learning 
trials in the water maze task were analyzed by repeated measures 
ANOVA. One-way between subjects AJ'lOVAs were used to analyze 
several parameters of the paths recorded during the probe trial. 

For establishing the ED 50 dose of morphine in the drug-discrimi¬ 
nation paradigm, the Litchfield and Wilcoxon (1949) procedure was 
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used. The frequency data from the discrimination study were ana¬ 
lyzed by the Fisher’s Exact Probability Test. 


Results 

Effects of memantine on the CPP induced by mor¬ 
phine. During the CPP pretest there were no differences in 
the time spent in the white chamber of the apparatus among 
groups (ANOVA, P = .23). However, the preference scores to 
that chamber after conditioning varied greatly among groups 
(F(8,97) = 4.09, P = .0003). Rats injected with morphine in 
the white (initially nonpreferred) chamber demonstrated a 
marked preference for this chamber during the drug-free 
posttest. To assess the effects of memantine on the acquisi¬ 
tion of CPP, rats were injected with memantine before every 
conditioning session. 

Memantine dose-dependently attenuated the acquisition of 
morphine-induced CPP, because at a dose of 7.5 mg/kg it 
produced statistically significant diminution of CPP as com¬ 
pared with placebo treatment (fig. 2). To assess the effects of 
memantine on the expression of CPP, rats that were previ¬ 
ously conditioned to morphine received memantine (1.88, 
3.75 or 7.5 mg/kg) before the posttest. Memantine dose-de¬ 
pendently attenuated the expression of morphine-induced 
CPP (fig. 2). As in the acquisition study, a dose of 7.5 mg/kg 
produced statistically significant inhibition of CPP expres¬ 
sion. Control experiments demonstrated that rats injected in 
the white chamber with memantine (7.5 mg/kg) instead of 
morphine did not acquire preference to the memantine-asso¬ 
ciated chamber (fig. 2, dotted bar). In addition, memantine 
given at the same dose did not produce aversion to the me¬ 
mantine-associated chamber. Thus, whereas although rats 


700-] 



MEMANTINE (mg/kg): 


Acquisition 
1.88 3.75 7.5 


Expression 
1.88 3.75 7.5 


Fig. 2. The effects of memantine on acquisition and expression of 
morphine-induced CPP. Presented are preference scores for the white 
chamber of the apparatus after 6 days of conditioning. Open bar 
indicates scores of placebo-conditioned control subjects (/.e., rats that 
received 6 placebo injections during conditioning and placebo injection 
before the posttest). The double hatched bar represents scores of 
morphine-conditioned control subjects. The hatched bars represent 
scores of rats that received memantine, at doses indicated, before 

every conditioning trial and placebo before the posttest (left panel), or 
placebo before every conditioning trial and memantine before the post- 
test (right panel). The dotted bar represents scores of rats conditioned 
with 7.5 mg/kg of memantine instead of morphine. The number in each 
group is 10 to 15 rats. Values are mean ± S.E.M. Symbols: #P < .05 vs. 
morphine-conditioned subjects; fP < 05 vs. placebo-conditioned con¬ 
trols; *P < .05 vs. the respective group, Student-Newman-Keuls test. 
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treated with placebo in the black chamber demonstrated 
76.8 ± 8.3% (n = 12) of the preference to that compartment, 
subjects treated with memantine in the black chamber dem¬ 
onstrated 76.6 ± 24.7% {n = 10) preference on the posttest 
compared with their pretest values. 

Effects of memantine on the CPP induced by food. 
Rats that received placebo injections both during condition¬ 
ing and before the posttest acquired CPP to the chamber 
associated with food (fig. 3). 

Memantine at the doses tested (3.75 and 7.5 mg/kg) did not 
influence significantly the acquisition or expression of food- 
induced CPP (F(4,47) = 1.480; P = .2249). Interestingly, 
memantine dose-dependently inhibited consumption of food 
during the conditioning sessions (fig. 4). 

Two-way ANOVA demonstrated significant effects of the 
dose (F(2,90) = 16.25; P < .001) and the day (F(2,90) = 5.56; 
P = .0053), but no interaction. Post hoc comparison by Stu- 



tc 
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dent-Newman-Keuls test revealed that memantine at 3.75 as 
well as at 7.5 mg/kg produced a statistically significant de¬ 
crease in the amount of food consumed compared with pla¬ 
cebo. Further analysis revealed that this decreasing effect on 
food consumption was tolerated during the time of the exper¬ 
iment. 

Effects of memantine on the CPA induced by nalox¬ 
one-precipitated morphine withdrawal. Placebo-pre- 
treated, naloxone-challenged control rats demonstrated 
—75% of their initial preference to the black chamber, 


Fig. 4. 
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whereas morphine-dependent naloxone-challenged animals 
showed significantly lower preference to that chamber (fig. 
5). ANOVA demonstrated significant differences among 
groups (F(4,51) = 2.91; P = .031). 

These data indicate the occurrence of CPA to the mor¬ 
phine-withdrawal-associated chamber. Memantine tended to 
attenuate this aversion, although the preference score calcu¬ 
lated for rats treated even with the highest dose of meman- 


600-i 



Placebo Acquisition 


Expression 


3.75 7.5 3.75 7.5 

Fig. 3. The effects of memantine on acquisition and expression of 
food-induced CPP. Presented are preference scores for the white 
chamber of the apparatus after 6 days of conditioning. Open bar 
indicates scores of placebo-conditioned control subjects (i.e., rats that 
received 6 placebo injections during conditioning and placebo injection 
before the posttest). Hatched bars represent scores of rats that re¬ 
ceived memantine, at doses indicated, before every conditioning trial 
and placebo before the posttest (left panel), or placebo before every 
conditioning trial and memantine before the posttest (right panel). The 
number in each group is 10 to 15 rats. Values are mean ± S.E-M- 
ANOVA indicated no effects of memantine treatment. 
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Fig. 4. The effects of memantine on food intake during acquisition of 
food-induced CPP. Presented are mean ± S.E.M. number of pellets 
consumed by rats during conditioning days 2, 4 and 6. On these tests, 
rats were offered five food pellets in the white chamber of the appara¬ 
tus. Rats received placebo (circles) or memantine at doses 3.75 (trian¬ 
gles) or 7.5 (squares) mg/kg, respectively, 30 min before being inserted 
into the apparatus. Symbols: *P < .05 vs. placebo-treated (Student- 
Newmann-Keuls test, after one-way ANOVA); #P < .05 vs. memantine 
7.5 mg/kg treated on day 2 (paired t test). 

100i 



0 0 1.88 3.75 7.5 mg/kg Memantine 

M _ 30' before _^ 

Naloxone 

Fig. 5. The effects of memantine on acquisition of naloxone-precipi¬ 
tated CPA in morphine-dependent rats. Presented are preference 
scores for the black chambers of the apparatus after 2 days of condi¬ 
tioning. The double-hatched bar indicates the scores of control rats 
that were not morphine-dependent and received placebo injections 
during conditioning. The open bar represents the scores of morphine- 
dependent control subjects. The hatched bars represent scores of 
morphine-dependent rats that received memantine at the doses indi¬ 
cated on the bottom of the figure. The number in each group is 10 to 15 
rats. Values are mean ± S.E.M. Symbols: *P < .05 vs. control, mor- 
phine-nondependent, placebo-treated rats, Student-Newman-Keuls 
test. 


tine (7.5 mg/kg) was not significantly different from that of 
rats treated with placebo. However, only placebo- and me¬ 
mantine (1.88 mg/kg)-treated, morphine-dependent rats 
demonstrated significant CPA, which indicated partial inhi¬ 
bition by higher doses of memantine. 

In the CPA test, rats did not express overt physical symp¬ 
toms of morphine withdrawal (wet dog shaking, jumping, 
etc.), perhaps because of the fact that the dose of naloxone 
used was relatively low (0.1 mg/kg) compared with that re¬ 


quired to elicit overt withdrawal syndrome {e.g., Brent and 
Chahl, 1993; Cappendijk et al., 1993). However, because of 

the experimental conditions, these behaviors were not mea¬ 
sured explicitly. 

Morris water maze procedure: Effects of memantine 
on acquisition and retention of spatial learning and 
memory. All placebo-treated rats trained in the Morris wa¬ 
ter maze demonstrated rapid acquisition of the spatial mem¬ 
ory (fig. 6). Two-way repeated measures ANOVA performed 
on the swimming latencies data for all 24 trials demonstrated 
significant effects of the treatment (77(2,483) = 16.54; P < 
.001), trial number (77(23,483) = 26.88; P < .001) and inter¬ 
action (F(46,483) = 1.92; P < .001). Significant differences 
among groups (memantine vs. vehicle) were detected when 
data were analyzed separately for the first (P < .001), second 
(P < .001) and third (P < .01), but not the fourth day of 
training. 

The results of the computer-assisted analysis of swimming 
paths recorded during the probe trial revealed that except for 
the longer swimming paths of rats treated with memantine 
during training, no other parameters (in particular, the time 
spent in the training quadrant) were different among various 
groups (table 1). 

Effects of memantine on morphine-produced intero¬ 
ceptive cue as measured in the drug-discrimination 
paradigm. Rats tested the day after the morphine training 
dose responded to the graded doses of morphine with an ED 50 
of 0.74 mg/kg, whereas on the day after placebo training the 
ED 50 was 1.23 mg/kg (see table 2 for raw data). These dose- 
response curves were not different from each other as calcu¬ 
lated with the Litchfield and Wilcoxon (1949) procedure. 
Therefore, the ED so of the combined data from both groups 
was 0.98 mg/kg with confidence limits of 0.64 to 1.51 mg/kg. 

Only 1 of 8 rats selected the “morphine-positive” platform 
when injected with 0.05 mg/kg naloxone 5 min after the test 
dose of morphine (1.75 mg/kg) (table 2). The number of rats 
responding positively to 1.75 mg/kg morphine injection as 
compared with the number of rats positively responding to 



Trial Number 

Fig. 6. Effects of memantine on the acquisition and retrieval of the 
spatial learning task. Presented are mean escape latencies of rats 
pretreated with 7.5 mg/kg of memantine (squares) or placebo (circles or 
triangles) 30 min before each of the first learning trials (i.e ., trials 1,7,13 
and 19). Asterisks indicate that on a given trial rats treated with me¬ 
mantine demonstrated significantly longer latencies to find the platform 
than placebo-treated subjects on the given trial (P < .05, Student- 
Newman-Keuls test, after one-way ANOVA). No differences were de¬ 
tected between the placebo-treated groups. S.E.M. is not shown for 
the clarity of the figure. 











860 


Popik and Danysz 


Vol. 280 


199 


TABLE 1 

The analysis of swimming paths of rats trained for 4 days in the Morris water maze and performing the probe trial (mean ± S.E.M.) 

Rats (n = 8 in each group) were treated with [placebo + placebo], [placebo + memantine] or [memantine + placebo] before each of the four learning trials and before 
the probe trial, respectively. Memantine was used at the dose of 7.5 mg/kg. 


Parameter 

Pretreatment before learning-Treatment before probe trial 

AN0VA 
f( 2,21) 

Placebo-Placebo 

Placebo-Memantine 

Memantine-Placebo 

Time in the training quadrant (sec) 

21.2 ± 2.8 

20.2 ± 2.0 

23.2 ± 2.4 

<1 

Platform position hits 

3.1 ± 0.5 

2.0 ± 0.8 

1.6 ± 0.4 

1.724 

Path (cm) 

1442 ± 53 

1434 ± 54 

1641 ± 63* 

4.24, P < .05 

Activity (sec) 

59.0 ± 0.2 

58.4 ± 0.6 

59.5 ± 0.2 

2.07 

Mean distance to the wall (cm) 

28.3 ± 2.1 

31.1 ± 3.0 

25.1 ± 1.9 

1.59 


' P < .05 vs. all other groups (Student-Newmann-Keuls test). 


TABLE 2 

Morphine-produced drug discrimination in rats trained to discriminate (-)-morphine from placebo in the Morris water maze 


Number of Rats Positively Choosing Morphine-Associated Platform/Tested 


Morphine Dose 

Day after morphine 
training dose 

Day after placebo 

Day after morphine 
and placebo 

+ Naloxone 
(0.05 mg/kg) 

mg/kg 

0 

0/8 

0/8 

0/16 


0.875 

5/8 

3/8 

8/16 


1.75 

6/8 

5/8 

11/16 

1/8* 

2.625 

7/8 

6/8 

13/16 


3.5 

8/8 

8/8 

16/16 


ED 50 a 

0.74 (0.38-1.43) 

1.24 (0.79-1.91) 

0.98 (0.64-1.51) 



1 ED 50 values are stated as milligrams per kilogram with confidence limits in parentheses. 

' P < .05 vs. all groups treated with 1.75 mg/kg of morphine (columns 2, 3 and 4) (Fisher's Exact Probability Test). 


combination of morphine (1.75 mg/kg) and naloxone (0.05 

mg/kg) injections was statistically different (Fisher’s Exact 
Probability Test), which indicates that naloxone blocked mor¬ 
phine interoceptive cue in this paradigm. 

The reliability of the present discrimination paradigm was 
assessed by an additional experiment assessing the effect of 
etonitazene. Etonitazene produced a dose-related increase in 
choosing the morphine-positive platform with an ED 50 of 
0.00189 mg/kg (confidence limits, 0.00129-0.00277), being 3 

orders of magnitude more potent than ( —)-morphine (table 
3). In contrast, 3.5 mg/kg of (-F)-morphine did not produce 
morphine-positive responses. Higher doses of (+)-morphine 
were not used because of shortage of the material. 

Further experiments were designed to test the possibility 

that memantine (3.75 and 7.5 mg/kg) substitutes for the 
morphine cue and/or modifies the morphine (1.75 mg/kg) 
interoceptive cue. In this test, 0/8 and 1/8 of rats selected the 
morphine-positive platform when treated with 3.75 and 7.5 
mg/kg of memantine, respectively (table 4). Moreover, the 
number of rats responding positively to 1.75 mg/kg morphine 
injection was not statistically different from the number of 
rats positively responding to memantine (3.75 or 7/5 mg/kg) 
and morphine (1.75 mg/kg) joint treatment. 

Discussion 

The present findings demonstrate that memantine in a 
dose-dependent fashion attenuated the acquisition and ex¬ 
pression of morphine-induced CPP, but had no significant 
effect on the acquisition or expression of CPP induced by food 


TABLE 3 

Substitution to etonitazene and (+)morphine in rats trained to 
discriminate (-)-morphine from placebo in the Morris water 
maze 


Drug Dose 3 

Number of Rats Positivity Choosing Morphine-Associated 
Platform/Tested 

Etonitazene 

(+)Morphine 

0 

0/8 


0.875 

2/8 


1.75 

2/8 


2.625 

5/8 


3.5 

7/8 

1/8* 

ED so b 

0.00189 (0.00129-0.00277) 



“ The drug dose for etonitazene is in micrograms per kilogram. The drug dose 
for (-t-)morphine is in milligrams per kilogram. 

0 The ED 50 value is slated in milligrams per kilogram with confidence limits in 
parentheses. 

‘ P < .05 vs. groups treated with 3.5 mg/kg of morphine (shown in table 2) 
(Fisher's Exact Probability Test). 


TABLE 4 

Effects of memantine on morphine-produced interoceptive cue in 
the Morris water maze 


Memantine 

Number of Rats Positively Choosing Morphine- 
Associated Platform/Tested 

Vehicle 

Morphine (1.75 mg/kg) 

mg/kg 



0 


11/16 

3.75 

0/8 

7/8 

7.5 

1/8 

6/8 
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presentation. Moreover, memantine partially inhibited ac¬ 
quisition of motivational aspects of naloxone-precipitated 
morphine withdrawal as measured in the CPA paradigm. In 
addition, at the dose that blocked morphine-induced CPP, 
memantine by itself produced neither CPP nor CPA. We 
failed to demonstrate that memantine at doses effective in 
CPP and CPA paradigms modified the interoceptive cue pro¬ 
duced by morphine. Although, initially, memantine attenu¬ 
ated the acquisition of spatial learning, this effect was toler¬ 
ated after 3 days, and no interference with the retrieval of 
spatial memory was found in the present experiments. 

Consonant with previous studies (for reviews see Carr et 
al., 1989; Goudie, 1991) the present experiments revealed 
that morphine produced clear-cut CPP. Memantine inhibited 
both the acquisition and expression of morphine-induced 
CPP. Similar inhibition was found previously for kynurenic 
acid (Bespalov et al., 1994), a nonselective antagonist of ex¬ 
citatory amino acid receptors. Recently, Tzschentke and 
Schmidt (1995) demonstrated that dizocilpine and CGP 
37849, uncompetitive and competitive NMDA receptor an¬ 
tagonists, respectively, attenuate the acquisition of mor¬ 
phine-induced CPP. 

The reduction of morphine-induced CPP by an NMDA re¬ 
ceptor antagonist (memantine) found in the present study 
could be related to several effects that were not explicitly 
ruled out in the previous studies. First, uncompetitive 
NMDA receptor antagonists are known to exert inhibitory 
effects on associative learning (see Danysz et al., 1995b, for 
review). Because the establishment of CPP involves associa¬ 
tive learning, it is likely that treatments inhibiting plastic 
processes would inhibit CPP as well. However, it is generally 
agreed that NMDA receptor antagonists affect the acquisi¬ 
tion of new information but not the storage or recall of asso¬ 
ciations that are well established (Caramanos and Shapiro, 

1994; Danysz et al., 1995b; Shapiro and Caramanos, 1990). 
Moreover, the amnestic effects of memantine are usually 
seen at higher doses (10-20 mg/kg; Misztal et al., 1995), 
which suggests that the learning impairment is not of major 
importance for antagonism of morphine-induced CPP in 
which a lower dose was used. Although memantine initially 
increased latencies to find the hidden platform (which likely 
reflects disturbances in swimming behavior and/or initial 
attenuation of spatial learning acquisition), these effects 
were not longer apparent on the last day of training (fig. 6). 
Thus, even if memantine were initially to impair the acqui¬ 
sition of morphine-induced CPP, the purported amnestic ac¬ 
tions of this compound, by analogy, should cease by day 3 of 
conditioning, whereas the association phase in the CPP ex¬ 
periments lasted for 6 days. Further evidence against strong 
amnestic effects comes from the analysis of swimming paths 
recorded during the probe trial that specifically measures the 
strength of spatial memory. Thus, table 1 demonstrates no 
differences between spatial navigation behavior of rats 
treated with memantine or placebo during the acquisition of 
the Morris spatial task. In agreement with our data, Barnes 
et al. (1996) reported that rats treated chronically with food 
containing memantine (30 mg/kg/day) show increased main¬ 
tenance of long-term potentiation in vivo and normal learn¬ 
ing in the Morris maze. Other studies indicate that meman¬ 
tine infused at doses leading to serum concentrations 
observed in humans has no effects in naive animals and 
actually improves radial maze learning in rats after entorhi- 


nal cortex lesion (Zajaczkowski et al., 1996). Moreover, Dit- 
zler (1991), as well as Gortelmeyer and Erbler (1992), re¬ 
ported positive cognitive effects of memantine in demented 
patients. 

Memantine at the dose inhibiting acquisition of morphine- 
induced CPP did not significantly affect food-induced CPP 
(fig. 3), which suggests that memantine-treated rats were 
able to associate food reinforcement with a distinctive envi¬ 
ronment. It should be mentioned that although statistical 
analysis (ANOVA, P > .05) indicated that memantine af¬ 
fected neither acquisition nor expression of food-induced 
CPP, the data presented in fig. 3 suggest that inhibitory 
effects of memantine might have been detected if a different 
statistical approach had been used. Such inhibitory effect 
may likely be related to the initial decrease of food intake 
seen in memantine-treated rats (fig. 4) and/or initial atten¬ 
uation of learning processes as revealed in the Morris water 
maze (fig. 6). It remains an open question whether these 
factors contributed to memantine-induced attenuation of ac¬ 
quisition of morphine-induced CPP (fig. 2). Nonetheless, 
these factors are unlikely to explain the inhibitory effects of 
memantine on the expression of morphine-induced CPP, be¬ 
cause memantine did not affect the retrieval of spatial mem¬ 
ory (table 1). 

It has been suggested recently that the treatments atten¬ 
uating the rewarding aspects of drugs of abuse may have 
aversive properties by themselves, which confounds the in¬ 
terpretation of the results of CPP studies. Such aversive 
effects were demonstrated for the L-type calcium channel 
blockers (Pizzi and Cook, 1996) which inhibit, e.g., cocaine- 
induced CPP (Pani et al., 1991). To rule out this interpreta¬ 
tion, the experiment was performed in which memantine (7.5 

mg/kg) was administered to the rats in the black compart¬ 
ment of CPP apparatus. If memantine would have aversive 

actions, it is likely that rats would avoid the memantine- 
associated chamber. The data presented under “Results” 
demonstrate the lack of aversive effects of memantine, thus 
making the “aversive” interpretation unlikely. 

Memantine could also decrease morphine-induced CPP by 
attenuating the interoceptive cue produced by morphine and 
perhaps related to its reinforcing action. Morphine possesses 
clear discriminative properties (Colpaert, 1977; Shannon and 
Holtzman, 1979; Young et al., 1992) that are thought to 
contribute to its abuse liability (Jaffe, 1987; Martin and 
Jasinski, 1969). The correct choice of the drug-associated 
compartment in the CPP procedure is based, among others, 
on the recognition of spatial cues, whereas the most often 
used procedures for measuring discriminative properties of 
drugs are based on operant conditioning. Spatial learning 
and operant conditioning tasks use different forms of mem¬ 
ory; and, perhaps because of this fact, they are affected dif¬ 
ferently by amnestic treatments (Danysz et al., 1995b; Wess- 
inger, 1994). It was therefore reasonable to compare the 
effects of memantine on morphine-induced CPP in a task 
relying on similar cognitive processes. Thus, for the present 
experiments a drug-discrimination procedure has been devel¬ 
oped that is based on the ability of rats to associate the 
spatial position of a hidden platform with the interoceptive 
cue produced by the drug. Spatial learning paradigms based 
on water T-maze learning have been used previously for 
studying discriminative effects of drugs (Henriksson and 
Jarbe, 1972; Jarbe, 1987). 
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Several earlier studies indicate that the cue produced by 
morphine in drug discrimination paradigms arises from cen¬ 
tral drug actions and is independent from its peripheral 
effects (Colpaertei al., 1975; Gianutsos and Lai, 1975, 1976). 
In the drug discrimination procedure used in the present 
study, rats were able to discriminate 3.5 mg/kg of morphine 
from placebo, a finding in accordance with numerous previ¬ 
ous studies that used operant conditioning techniques. To 
check the reliability of the present version of the drug-dis¬ 
crimination paradigm, we investigated whether the discrim¬ 
inative effect of morphine: 1) is similar 1 day after morphine 
treatment as well as 1 day after placebo treatment; 2) is 
stereospecific; 3) if another opioid mu agonist will substitute 
for the morphine interoceptive cue and 4) if the discrimina¬ 
tive effect of morphine could be blocked by a specific antag¬ 
onist. The data presented (tables 2 and 3) demonstrate that 
the water maze could be used successfully as a tool for study¬ 
ing discriminative effects of drugs. Thus, 1) the ED 50 value 
for the morphine interoceptive cue appeared not to be differ¬ 
ent the day after the morphine training dose from the day 
after placebo treatment; 2) (-f)-morphine, an unnatural iso¬ 
mer that is devoid of opioid effects (Adams et al., 1991; Van 
der Kooy et al., 1982) did not substitute for the ( —)-morphine 
interoceptive cue; and 3) etonitazene, a mu agonist ~1000 
times more potent than morphine in behavioral and neuro¬ 
chemical assays (Rice et al., 1983; Wikler et al., 1963) sub¬ 
stituted for the morphine interoceptive cue with respectively 
higher potency than morphine itself. In addition, a low dose 
of naloxone abolished the discriminative cue produced by 
morphine. However, subjects injected with morphine and 
memantine behaved similarly to rats injected with morphine 

only (table 4). Thus, the present data suggest that it is 

unlikely that memantine decreased the morphine interocep¬ 
tive cue and thereby inhibited acquisition of morphine-in¬ 
duced CPP. In agreement with our data, Bespalov and col¬ 
leagues (1995) reported recently in abstract form that a 
nonselective glutamate receptor antagonist, kynurenic acid, 
did not affect the heroin discriminative cue. 

Since most probably, memantine did not inhibit the acqui¬ 
sition of morphine-induced CPP through learning impair¬ 
ment or attenuation of the morphine interoceptive cue, it is 
likely that it attenuated the reinforcing impact of morphine. 
This observation is supported by the fact that memantine 
also inhibited the expression of morphine-induced CPP, 
which suggests that this compound diminished the condi¬ 
tioned (secondarily reinforcing) properties of the morphine- 
associated environment. The inhibitory action of NMDA re¬ 
ceptor antagonists on the reinforcement produced by 
morphine are far from being fully understood. Nevertheless, 
the inhibitory effects of memantine on morphine-induced 
CPP but lack of effect on morphine discrimination may be 
explained by differential involvement of dopaminergic trans¬ 
mission in these two phenomena. For example, it is generally 
agreed that opioid (morphine and heroine)-induced CPP de¬ 
pends critically on dopamine mesolimbic systems, whereas 
no specific central site has been ascribed a primary role in the 
morphine discriminative cue {cf. Joharchi et al., 1993). More¬ 
over, Spyraki et al. (1983) found that disruption of dopami¬ 
nergic transmission by 6-hydroxydopamine-induced lesions 
of the nucleus accumbens or by haloperidol treatment blocks 
CPP induced by opioids including morphine. On the other 
hand, no agreement exists on the involvement of dopaminer¬ 


gic transmission in the mediation of interoceptive properties 
of opioids. Thus, complete generalization to a morphine cue 
after amphetamine pretreatment has been reported in some 
(Shannon and Holtzman, 1979) but not all studies (Joharchi 
et al., 1993). Similarly, it appears that dopaminergic antag¬ 
onists do not block the opioid discriminative stimulus (Col- 
paerte2 al., 1976; Colpaert, 1977). 

The differential involvement of dopaminergic pathways in 
opioid-induced CPP and drug discrimination of opioid com¬ 
pounds prompt consideration of an interaction between glu- 
tamatergic and dopaminergic neurotransmission as a poten¬ 
tial basis of the inhibitory effects of memantine on morphine- 
induced CPP. Several findings indicate that the mesolimbic 
dopaminergic pathways are the anatomical substrate of drug 
reinforcement (Di Chiara and Imperato, 1988; Phillips and 
Le Paine, 1980; also see Koob, 1992; Robinson and Berridge, 
1993 for reviews) where dopaminergic and glutamatergic 
transmission interact mutually (Jedema and Moghaddam, 
1994; Kalivas et al., 1989; Krebs et al., 1991; Moghaddam and 
Bolinao, 1994; Wolf et al., 1994). In the striatum and nucleus 
accumbens glutamatergic afferents can increase dopamine 
release through interaction with NMDA receptors (Di Chiara 
and Imperato, 1988; Krebs et al., 1991). Increased locomotor 
activity has been observed after intra-accumbens injection of 
glutamate; this effect is blocked by dopaminergic antagonists 
(Donzanti and Uretsky, 1983). Because mesolimbic dopami¬ 
nergic transmission is inevitably involved in the regulation of 
drug reward (for reviews see Koob, 1992), it is likely that its 
modulation may affect the reinforcing properties of opioids. It 
remains intriguing why the noncompetitive NMDA receptor 
antagonists that have stimulant actions and increase activity 
of the mesolimbic system, as evidenced by biochemical (Bub- 
ser et al., 1992) and electrophysiological data (French, 1994), 
evoke inhibitory effects on the reinforcing effects of mor¬ 
phine. 

In contrast to another uncompetitive NMDA receptor an¬ 
tagonist, dizocilpine that by itself produces clear CPP (Layer 
et al., 1993; Papp and Moryl, 1994), memantine seemed de¬ 
void of these reinforcing effects (fig. 3). This result was un¬ 
expected, but it should be noted that dizocilpine exerts this 
reinforcing effect in a narrow dose range (Layer et al., 1993); 
and, as already mentioned, the blockade of NMDA receptor 
channel by memantine is characterized by much faster ki¬ 
netics (Chen et al., 1992) and stronger voltage dependence 
(Parsons et al., 1993). In general, it can be argued that lower 
affinity directly translates into faster channel blocking kinet¬ 
ics and, within a certain range, into a more favorable side- 
effects profile. However, too low affinity usually results in a 
loss of selectivity which, in turn, can result in an increase of 
side effects (see Parsons et al., 1995 for discussion). The dose 
of memantine effective in the present study (7.5. mg/kg) 
would be expected to produce serum concentrations of —1.5 
/xM (see Danysz et al., 1994 for discussion), and a somewhat 
(40-50%) lower concentration would be predicted to occur in 
the cerebrospinal fluid (Danysz et al., 1994). In demented 
patients treated with memantine, serum concentrations of 

—0.4 to 0.5 pM are observed (Kornhuber and Quack, 1995). 
Based on patch-clamp studies (Parsons et al., 1993) such 
concentrations should be sufficient to inhibit NMDA recep¬ 
tors in the brain. Hence, the failure to demonstrate CPP aft er 
memantine was not caused by insufficient dosing, which is 

also supported by the finding indicating that neuroprotective 
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activity is observed at doses leading to serum levels of ~1 p,M 
(Misztal et al., 1996; Wenk et al., 1995). 

Converging lines of evidence indicate that NMDA receptor 
antagonists are effective in inhibiting the physical aspects of 
the expression of morphine dependence (Cappendijk et al., 
1993; Popikef al., 1995; Rasmussen et al., 1991; Tanganelli et 
al., 1991; Trujillo and Akil, 1991). Such effects have also been 
demonstrated recently for memantine at doses expected to 
affect primarily, if not solely, NMDA receptors (Popik and 
Skolnick, 1996). It is worth noting that the inhibitory effects 
of memantine on the expression of morphine withdrawal was 
attenuated by glycine administration (Popik and Skolnick, 
1996), which suggests the involvement of NMDA receptors. 
The expression of morphine dependence is typically mea¬ 
sured by precipitating morphine withdrawal syndrome with 
an opioid antagonist. Although contemporary theories of 
drug addiction do not attribute a major motivational role of 
physical withdrawal syndrome to the maintenance of opioid 
dependence (Robinson and Berridge, 1993; Wise and 
Bozarth, 1987), the abrupt cessation of opioid administration 
produces a state of extremely unpleasant sensations that 
may motivate addicts to maintain illicit drug use (Eddy et al., 
1965). The difference in physical and psychological aspects of 
withdrawal syndrome is illustrated by the poor long-term 
effectiveness of clonidine treatment of abstinence syndrome 
in humans. Clonidine, an alpha-2 adrenergic agonist, de¬ 
creases the opioid abstinence syndrome in addicted individ¬ 
uals (Gold et al., 1978); however, it principally alleviates the 
physical but not psychological (motivational) consequences of 
opioid withdrawal (Charney et al., 1981; Jasinski et al., 
1985). It might be hypothesized that the poor overall outcome 
(i i.e success rate of approximately 40% [Rounsaville et al., 
1985J) of clonidine treatment of opioid abuse is caused by the 

fact that clonidine fails to affect the motivational aspects of 
opioid withdrawal syndrome. Therefore pharmacological ma¬ 
nipulations that would diminish the motivational aspects of 
opioid withdrawal may be considered as more beneficial 
treatments of opioid dependence. Such inhibitory effects on 
motivational aspects of opioid withdrawal syndrome as dem¬ 
onstrated in the CPA procedure have been shown previously 
for dizocilpine (Higgins et al., 1992) and for memantine in the 
present experiments (fig. 5). Clinical trials with other uncom¬ 
petitive NMDA receptor antagonists, dextromethorphan and 
ibogaine, in opioid addicts were reported to be successful 
(Koyuncuoglu and Saydam, 1990; Koyuncuoglu, 1995; Shep¬ 
pard, 1994). 

In conclusion, the present study demonstrates that in rats 
memantine may attenuate the reinforcing aspects of mor¬ 
phine and of morphine withdrawal syndrome, being inactive 
by itself in the CPP or CPA paradigms. It remains to be 
established if the diminution of the physical (Popik and 
Skolnick, 1996) as well as motivational (present study) signs 
of expression of opioid withdrawal produced by memantine 
also can be seen in humans. 
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